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ANALYSIS OF AN ASSEMBLAGE OF DISCS

EMPLOYING INTERACTIVE GRAPHICS

PART I: INTRODUCTION

Background

1. A computer modeling -echnique termed the "distinct" element

method was introduced by Cunda~l 41971). Then, several years later, the

technique was extended to analyze blocky rock systems (Cundall, 1974).

This type of analysis permitted large-scale motions of the individual

rock blocks. This work was further extended to the analysis of tunnel

supports (Voegele, 1979). Thus, the distinct element method has been

developed to accurately model many features of the behavior of jointed

rock.

Purpose

2. This study was directed at developing methods for analyzing

the behavior of systems of simple, particulate members. The basic shape

of the particulate members was chosen to be a disc (or cylinder). The

distinct element method is oriented more toward representing the kine-

matics of a system of particulate members instead of the continuum

aspects. At the outset, the structure is viewed as a collection of

individual members with individual properties, rather than a homogeneous

system for which the material property effects are assumed to apply

throughout.

3. In addition to extending the distinct element method to

discs, there was a desire to use computer interactive graphics in the

analysis so that the user could be relieved of laborious data preparation

and time-consuming plotting of the results. This report describes the

development of a computer program entitled DISC and contains discussions

of the mathematical formulations, program organization, and program

operation.

3
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PART II: MATHEMATICAL CONCEPTS

4. The computer program DISC was formulated using concepts of

the "distinct element" method proposed by Cundall (1974). Conceptually,

the distinct element method computes the forces and displacements at

points of contact between mathematically described particles (elements).

The contact between the elements are mathematically represented by

springs and dashpots. Any relative displacement between two elements in

contact then results in a force developing within the springs and dash-

pots. The vector sum of all such forces on the discs in turn causes

accelerations of the discs. If these accelerations are assumed to be

constant for a prescribed interval of time, the associated velocities

and displacements may be computed for the end of that time interval.

These new displacements may then be used to determine new relative

displacements between the contacting elements, and the cycle is then

repeated over and over.

5. The computer program DISC is capable of handling element

shapes corresponding to discs and bars. The bar elements are composed

of two parallel sides of arbitrary length terminated on both ends by

semicircles. Figure I shows two examples of two elements in contact.

Condition a presents two disc elements in contact, and condition b a bar

and a disc element in contact. Mathematically, the equations required

to describe the subsequent motions of either contact pair are identical.

However, condition b is somewhat more general and easier to visualize

and as such will be referred to in the following discussion.

6. Figure lb shows the bar element i , its centroid located at
i i xj y

x , y , and the disc element j , its centroid located at x ,y

c cThe coordinates of the contact point are at x , y . The angle to the

contact plane is denoted by B . (For the conditions shown in Figure la,

B is the angle of the plane of tangency.)

7. The basic key equation cf the distinct element method relates

the incremental displacement of the contact point (into one of the two

contacting bodies) to the relative motion of the elements that are in

contact. The following equation is the result of superposition, i.e.,

4
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first assume element i is fixed and determine the resulting motion of

the contact, and then assume element j is fixed and examine the motion

of the contact point. This analysis yields (as illustrated in Figure 2a)

Au Z jC j) i C i
Au=Au j - Au + At(x- xj ) - Ai(x - x i )

y y y
(1)

and aAuc = Au - Au i _ A&(yc - yJ) + AOi(yc - y')

where

Auc = the vertical component of the incremental contact
y displacement

Auc = the horizontal component of the incremental contact
displacement

i
Au = the current vertical incremental displacement of element i
y etc. (i.e., the subscript (x or y) refers to the component

direction and the superscript (i or j) refers to the element)

x y = the centroid coordinates of element i

X yJ = the centroid coordinates of element j

xc the horizontal coordinate of the contact point

yc the vertical coordinate of the contact point

,10 = the incremental rotation of the element

8. The global angle of the contact plane is given by B . Thus,

the horizontal and vertical relative contact displacements may be re-

solved into components parallel and perpendicular (shear and normal

directions) to the contact plane. Thus, as shown in Figure 2b

Au = Auc sin B + Au cos B
s y x

and (2)

Auc = Au cos B -Au c sin Bn y x
where

c
Au = the component of the contact point displacement parallel to

the contact plane
cAu = the normal componentn

9. As previously mentioned, the contacts are represented by

springs and dashpots (in both the normal and shear directions). Thus,

6
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the force gelerated with in the springs and ddshpo t s becu'It UI the

iLc rementa I norma I and sheiar d isp I acement s is given by

FC F C + ',,tck

n n n n
s ss

where

cU

F n the normal spring force

K
Fi= the sear spring force

c
1) the normal dashpot force

1) tihe shear dashpot force

k the normai stiffness

k = the shear stiffness
K

K = the normal damping constantn
K = tile shlear daniping constant

The symbol means "replaced by"; that is, after each increment of

contact point displacement, new normal and shear forces are recomputed

as functions of the old values. The dashpots are necessary to prevent

the two contact elements from vibrating indefinitely. To be strictly

correct, the dashpot forces should be related to the contact point

velocity; however, for a time increment, the incremental displacement is

proportional to the velocity (i.e., Alu = vAt , where v is the relative

velocity across the contact). Figure 2c shows the positive directions

of the normal and shear forces. Also, note that a positive normal force

indicates a compressive force.

10. Equation 3 is subject to modification if the tensile

'strength" T (a ncgative value) is exceeded. Thus, it follows that if

8



c

n

then

F C Fc = Dc = Dc 0
n S n s

If F is less than T (which is normally set to zero), all forces at
n

the contact are set to zero, i.e., the elements are tending to separate.

In addition, if the coefficient of friction is given as p the equa-

tions are modified as follows:

if I n <
then

D c F FC

DC 0
S

Thus, the two elements will slide whenever the shear force exceeds the

product of the coefficient of friction and the normal force, and the

resulting shear force is maintained at the shear "strength."

11. Now that the contact shear and normal forces have been

computed, all that remains is to resolve these forces back into the

component directions. The result is

= (Ft + DC) sin B - (Ft: + D cos B
y s s fl 1

I). F +D) cos Bi + (Fc + 1) ) sin B(4x Sn (4)

F
Y Y

X x

where Fj  is the vertical component of the contact force on element
Y

etc. Figure 2d shows the positive directions of the component forccs.

Obviously. the forces on element i are numerically equal but opposite

to those on element j . Up to this point, only a single pair of con-

tacting elements has been considered. In actuality, any element, say

9



element i , may possess a number of contacts. In addition, element i

may be subject to applied forces and gravity forces. Thus, the total

force acting on element i is given by

F = Y F + vertical applied load - gravity loadysum c y

F =. F i + horizontal applied load (5)
xsum C x

H
i  = > F1(xc - x i ) - Fi(yc - yi)] + applied momentsulm c LY x

The symbol means the summation for all contact points of eler-nnt i

The equations are similar for element j . The term Mi  is the totalsum

moment acting on element i . Figure 3 illustrates the force sums.

F
i

ysum

~ x,

ysum c c
x

b~ j  x sum

F m F + vertical applied load-gravity load

i iF = F + horizontal applied load

i F i (c )

M F.. ..-x ) - Y
sum c Iy x

+ applied moment

Figure 3. Force sums on element i
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12. After computing all the force sums acting on each element,

the acceleration of each element may be computed from Newton's law of

motion, i.e., acceleration = unbalanced force/mass, and angular acceler-

ation = unbalanced moment/moment of inertia. Thus, the component

accelerations a ,and angular acceleration u are expressed as

i Fi i

a i F i
X xSum

a F1 /m (6)

y ysum

i i i

a M, /Isum

where

im = the mass of element i

Ii = the mass moment of inertia of element i

The velocities ( w is the angular velocity) are then computed by

multiplying by the time step At

V i v+ a At
x x x

i 1 i
v v + a At (7)

y y y

+ X At

A second numerical integration yields the incremental displacement for

the element to be

i i
Au= vt

X x

AuI  At (=i)
Y Y

AJ= J:4

The quantities above are sought in order to recycl, the calculationsi.

These quantities are i ntroduced back into Lqu;ift ion I , and t lie whole

process is repeated.

111



13. Finally, the total displacement of the element centroids are

found from

u U + atI
x x x

u u + Au 1  (9)
Y Y y

i . i
- 0 + A (I

14. At the outset of each problem, the incremental displacements

are, of course, zero. Thus, Equations 1 through 4 yield nothing, i.e.,

there are, tip to now, no contact forces. In Equation 5, a force sum

will result due to applied and/or gravity forces. Thus, an acceleration

of an element will occur that in turn can yield incremental displacements.

Equations 1 through 4 are then used to compute the new contact forces.

15. As noted from the discussion above, the mathematics involved

in program DISC are quite simple, since only the concepts of a damped

oscillator and Newton's law of motion are needed. The real difficulty

in performing this type of analysis is the development of the logic to

detect and to provide computer memory for the many contacts that may

result. Thus, the problem becomes one of geometry and bookkeeping. The

details of the program are presented in Part 1ll.

12



PAR'l I I I: - RO(GA OtA2 '1 IO

(;tner-al1 Overv jevw

16. [hec compute r program DISC is a t ime-sharinog FORTRAN program

i t luit.~ba cons ist s o f a ma in prograin and SiXteenl subrout ine~s. Phys icalIlIY,

Di: it, 1 mostd of a ppr oximat c*1 v 1200 FORTRAN sLtt ement 1LS. [HeC program

is writ teni to ist interact ive graphics and is operated by a Tektronix

4014 (or '4010) terminmil . W ith1 t lit' e'xt j ionA of occas ionall Iy typ ing inl a

feow mnimber-, to I' rlefI inl0C ce't I min 11arl . 1ICet CerS , t he c omnmnds p)r ita r i I v

coo it,;i ,t oI -i ng Ie kt-v 4t rkc's tI'k .'t ;"it is r imil;Ir i I v w. r. 1pl I i ,i e L,

p ictuieCS 0I thet prt'Sent o0Ct ions Of thelt' emen1cltS 11re drawn on thle

rc teen Whi it is po.-Ssi hit to ObLtAi in rinlted informat ion, the niormial

mode of pt'rait ion is visual.

17,. As diis'isd iii Part 11, the actuii calculijt ions for dieter-

1:1in11ing Lthe M0 t i on 0 1 Lh I di S c .anIId bair L'I c'Tit'nt LS IrI ' -I ittL' st.r~i igia f 'rwr!.

iAnOW inlg tin:t I ocaI t ion) 1 J .i U coltic t P0 i 11L and I. lie 1)r ey ion s reL' a t .V L' (Ii S-

p)1Llenents o 0f lo10se'L tlettitnl s - in 11conlt Att , th11L I Ire bet Lween th Ilk' ' lnts-1

canl becotp CP(ted Jnit nlit 11.i t t egrat ed oveur t i teL to 0b a11 in neULW !;1 I T011 ac et S

neeCLSsar% ior the next. c'vc c. ibis prcs;i- carr itd 01101 al1'

-oittact s at eac, I t1 iMe' Vt I t.

I1IS. > IppoJ 0S L t 1bongi, t lhit .1 -;%1t01T 0 1 100cJ isc c I ent- it ,;. pk

closely togt'tCier, is tO lie ut O.'id('r't~l. I tIt'1 dI iSit arI ICOf I 11C' st- '

Szthicit t bert co M i, ;11 11est , lit six contacts per disc; adslr

someC ITist he Un OilrIt', er ti. edee the1 tot fioile t. cotaLct po ii1,ts

inot he I es s tha 11.11100 . i 41wt' Vt-r , iii (i thIuIr Lt t-L c cI( fo0r k ttIi1i1 t , I'('t- t'nL 1
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For 500 discs, the number of searches would increase to 124,750. In

addition, coMputer menorv space would be required at double the amounts

above to - tore the normall and shear contact forces.

19. Since most of this mmnriry would be blank and most of the

searches truitless (where contacts were not found), a great deal of

effort was put into formulating .;chemes and methods to facilitate the

program's efficiency. Indeed, the ulsabilitv of tie distinct element

method is pred icated on ef f ic ielt Irogramming techniques. Without

incorporating these schemes it would 1o1 be possible to solve even small

problems on large computt:rs.

20. The various subroutines that make up the program DISC are

related to each other primarily through named common storage. The items

in common storage are as follows:

N Number of disc and bar elements

SKN = pring stiflness at contact

I)KN I)aIIpi llg coistalit of contacts

TIM' I TilM'ie ,in h ill iiig of run

IT i 'ite jicremenit b-t ween steps

I)F = Dl;ulpig I actor (a multiplier for the damping constant)

FNSU M(M) Su = i o)f, forc.s ili x-direct ion on element M

FYSIM (M) Stim (f forces in y-direcction on eleme; ' M

FNSUM(M) = unl of momenits act ing on element M

FX (M) App1 i ed x-forte oil clment N

FY(M) App lied y-force on element M

FM (M) = Apl i ed molent oi t lement M

X(M) Current x-co- rdinate of element M

Y(M) Current V-coo rdiziato of element M

T(M) = Cujrrenit anig,'ar rotat ion of element M

R(M) Radius (Or thickness, if bar element) of element M

S(M) One half of the separation between the circular ends
of bar elenllt M

W(M) Weighit of ele-menat M

XM (M) Mass of ctfeleliiit M

UX(M) Iltr ent x-d isp licement of element M

I 'i



iJY(M) =Cu rren t y-d iSPIanellvnt ot' clemtent M

UTJI(M) = Cunrren t angular d isplIat emnt of element, M

VX (M) =Ctirreilt x-veloc ity of e-lement M

VY (M) = Current y-veloCity of elen-ent M

I FIX(M) = Fix it y code for elemlent M .The vales are:

I = Fi xed i n x- d i r e t i on

2 =Fi xed inl y-d i rec t i on

I, Fi xed iii x- and v-(lirectioii

-~Fi xed inl angUlar direct ion

5 Fl i X:ed inl x and angtilar (lirections

6 F i Xed( in ,,and angultar directions

/ F iX (-L inl aIl d i rec t ions

8 A consta-nt pre'St Iibed Velocity arpl iCS

WG I'F(M) = We ighit tactor (a molt ipi icr for the initial ly
aISSigned We ighits)

F KC (M ) = Angle correspond ing to toe ffic ient of friction,
i.e. tall(FW) =1

'rI:N (M) !)nsi it sticogl- at contact for element M

AA(M x 24) = ', is toe contac t I ist . Oe di SCIISSion Of
siihroLIt ie MoNI'ION

.NA(M)= InldeX used to I il SOUght (tILLLiitieS inl the
contact I ist

LI, (M x 6 P oss ii)Ic cont act Sea II-h I ist. Sc discuss ion of
:;ti!rmn t itl PI. I"I

The c ommon Storage req uii es a lpl)ox i mat cv 5 3 N storage Ioc at ionls.

Ma in i'rojranl

21. The ma in program in it i atcta thle graph ic.s So ftware and calls

Subroutine C I IYIJIP. .o nt roI is neveri retuiirned to thle ma in program. TIhe

graph ics sibrooit ine (West PlLNt >11 itajry Acacdemv , 1975 ) are pectIt ar to

the WFS ompu t i ng s yst em and alIso thle Of f it e o Pe rsonnelI Malnagerent Is

Honeywell System at Ma conl *eo rg i. The graphic s siibrou t toes employed

in I)ISC inc lude:



U START UBELL UCRCLE
USET UERASE UPEN
UWA IT UPR I NT UMOVE
UREAD UPRNT1 UPSET
UCRIN UARC UDARLA
UW I NDO U ROTATE UOUTLN

Subroutine (;IIDYUP

22. Subroutine Cl I)YUP is Lth driving subroutine. Its primary

function is to call subroutine INI'li and to cause cycling through sub-

routine OUTPUT. This subroutine is the only one that calls the main

calculation subroutine MOTION. The normal sequence of operations

involves:

a. C; I)YUP calls INPUT. lhe user interactively describes
the problem. Alternatively, the user may select a
problem previously stored by subroutine SAVE.

). A call is made to P1, IST, which prepares a list of those
, lements lor whih a contact is possible within the next
50 cycles.

c . A call is made to MOTION, which calculates the movements
of and forces on the elements. Fifty cycles are per-
formed in MOTION. At the end of each 50 cycles, the new
posit ion; of the elements aro graphically plotted by
OUrPUT. Step b i.s again performed.

d. Every so often (user selected, default value = 250 cycles)
a call is made to OUTPUT. The program operation is
halted, and the user must inform the system what action
is to be taken next (i.e ., continue running, draw all
elements, rhange paramters, etc.).

Subroutine INPUT

23. Subroutine INPU'I is used to describe the problem to be

analyzed (see user's guides (Figures 9 and 10)) and also to initialize

common data storage dependent u1pon its calling subroutine. It may be

called by GIDYUP (to start a new problem) or by OUTPUT (to modify an

existing problem). The following- s;ubroutines may be called by INPIrI':

16Ii



SCRIE*N C ICLE
G I t)YU11 W,0O
(;RI 11;GEN
SAVE

-Subroutine O0UTPUT

24. Avar let V of funct ions can be pvtrformed by subroutine OUTPUT

(seC uISer's gU ideS (Figures 9 and 10)) .After the problem geometry is

described in INPUT, siibrout ine OUTPUT takes over the system operation.

Is funct ion is to set boundary conditions (fix certain elements) , to

a;11l0W for inputting parameters (weights, damping factors, frictional

properties, etc.),* and to handle both graphical and formatted output.

Bt tWeen the phases wheni calculations of mot ion are being performed

between C 1DYUP and MTIVON, the p)rogram halts occasionally (user defiLned,

defaullt Value =250 Cycles) in ourTuT. Dur ing this hialt, the user mcy

ri-det inc boundary cond it ions, parameters, etc. , plot the data, or request

ano0ther calcuilat ion phase.

23' . luii ng an v program hai I t , thle user may al1so inst rilet the

p -0r rm to 0store a c opy of tilie e'xist iug data geome try (per torMed by

s ib roiit ill( SAVF1) . i Fis st ored (htia ma\' thlen be recalIled bhy a direct

calto I NN'T. Subrout inc~ OUTIPUT is also- used to delete (e'rase) certain

CI CmIlnt s; hioweve r, ChI men tS sma V no0t be addeid in ( UI[PUT. At the out set

of a probltern, a greatt deal of gtome trica]l edit ing may he accompl ished by

juggling th0c pr-ogram back and tfort Ii between' OUTPUT' and INNIT . Con se-

(hIltlIy, the iiser is able to repos it ion elements, add Clemntrs, delete

cl ement s, change botindary,, cond it ionS, etLc.

26. The dIata toa (SAVI") Ieti is Very-N handy for situations

ini whi lch it i s des ired toi sol ve a su i c of problIems witIh tie same 'geome try

buit d if t rctut paraMet(ti- Atronec pr-ohi em1 is soled t Lt tored data

may be1)t ret a] ed, thei Chi~ntt* lainged , ind the nex>:t prob lenl solved.

27. Suirotitj iew OUTN' ma". he caileod iii bY stibrotil inGIPYUP.

Hit' tll o'Wing suibhroiit inc-s mayd be c"al led bw iOiIPUl'.

I NPI i \lKC'lCR il'l'i't)R

luiu 41 1 (;ItIT GR I1)
StRI LN I NTEII.Nl. S. \VE
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28. Subroutine OUTPUT is also used to compute the contact stiff-

ness k and time-step increment At . (Subroutine INPUT tentatively

sets k and At in the same fashion as OUTPUT. However, OUTPUT

redefines a stable time step dependent upon the boundary conditions.)

29. The equation of motion for an undamped linear oscillator of

stiffness k and mass m is given by

d2u
md + ku = 0

dt
2

where u is the displacement. In a finice difference notation, the

derivative d 2u/dt 2 may be expressed as

d2 ut+ 1 -
2ut + ut_1

dt 2At

where ut+1 , ut , and ut_ 1 represent the displacements at times

t+l , t , and t-l , respectively. Substitution into the equation of

motion results in

u + (kAt 2 
- 2) ut + u~

The equality of the finite difference equation above can hold only if

the quantity k At2 - 2 is negative. Thus, the stable time step At

is given by

At 2m (11)

Greater values for At will lead to exponentially increasing u

30. It can be shown that the formulation for DISC (when consid-

ering a single normal contact) yields the same finite difference equa-

tion given above. That is, given (for some time step t) the values

of u , Aut, v t , and F t  in the normal directions, Equation 3

becomes
t

F =F - kAu = -X kAu -ku
t+l t t t t

t=O
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tonS 1sit of mnany degrees of I r( cdom.



32. Thus, a stable At will increase as the mass increases and

will decrease as the stiffness increases. The program will, of course,

calculate faster (i.e., the cost will go down) as the time step increases.

Alternatively, if a At is chosen, then a stable k could be chosen

for a given m . In general, any two of At , k , and m can be

chosen, and the other computed to ensure stability through the preceding

equation. The scheme incorporated into program DISC for computing a

stable At is described in the following paragraphs. Any subsequent

user of DISC should not necessarily feel bound to this scheme.

33. At the outset of writing DISC, it was decided that a disc

element with a radius of 20 screen units would be the "standard" disc

element. The Tektronix screen is 1023 screen units wide and 780 screen

units high. For this standard element, a weight of 100.0 units is

assigned. To determine the weight of other disc and bar elements, the

area of the element is computed, divided by the standard area, and

multiplied by 100.0. Thus, all forces output by the program are in

terms of the 100.0 units assigned ti the standard disc, i.e., the forces

are normalized and, as such, are nondimensional. The element mass me

is determined from

m = w /g (12)
e e

where

w = the normalized weight of the element
e

g = the acceleration due to gravity

The value g is an input parameter (default value = 32.2). Thus, if

the default value of 32.2 is used, it implies an acceleration due to

gravity of 32.2 screen units/unit of time/unit of time. If time is

reckoned in seconds, this would normally suggest that one screen unit

equals one foot (i.e., g = 32.2 ft/sec 2). Inputting g as 9.8 (with

time reckoned in seconds) suggests that one screen unit equals one metre

(i.e., g = 9.8 m/sec 2). It is through this input parameter g , that a

scale can be assigned to the problem.
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$4 The coiitart !p ir. t it o k (r l i1y set equal in1

linit L and shear d i fret t i o:l-r) ranil bc r ind inl I Var jty of. ways. I f

t Ik- s ti fness were phtys io C lIIv, kno0w:l, it , o 1 l bo d i roe- I y a ssigned . InI

imlst qJuasi-static pr-oblemls, howeve r, [lie purpose iii tlhe spring stiffness

i to prevent t 10e -elentLSf tram pene Lrat intg too I ar i nto ealh o1 iler .

I'l is reqiireent i mpl 1 iL, c Iirus i ug a vk.rv i a: re .; howeve r, choosing a

lairge k res ulIts i n a sm, ti I t .Fo r pro,,,,i ui 1)1t SC , t he tolIlow i ig

equat ion i s 11s;d tor sec vt i no k

whlere

N the nunl~herl of elvirrouut a j the systeml

w =the Wri'ghit Of theL l eir~-r t ornut (artual ly Lhe weight
at thle I 1 arvst en iii riot es r r a menlud rain dl movement,

35. [iii t lim uwat Lep 1 L m i l computed as

0 5 (1. , -7 T1<in7 (14)

where i i thel iss r 1 thek'-4T1 s1 (2 ~t~ tI emreni firLt es t r a in ,, f rom all

mioveet [llie lt I Itar t (e 1 C0. J 2 is LisoU kto L os v)1SL -:S til1 1iLYS it 1 s lu morec t ha n

on11e o: It arct per,7C elmentl is osf- i1, 1 1 add itL!il suit; ruine flU [PUT

rompI~ltt2S element1 area.i; and monients 01 inle-rt o anld ii ti.iienmainv data

Ilists.

S[I ro1Lille -PIiL I Tt

36 . SnLbrouLti no P1. IS~ j used! to c, -,,jure 1data i Jst of poss ibl10

o ontaris (bet ween c micnt -,) ii ri 501 ron _, te 1 rssvabfore2 Cearh

c all, t o MOT 1IUN ( i c c. , vrv 0 c l :sr ,,.); t 11 -Apa; it 1it it'ln as shown

in Figure "I. ex ists. 1o deL' 111 erin 11 i ih eLe-1 i wan11 S o go01 1 tAnD t a thec

possible rontriatL list, 1 112( k i Sto iilv 011 L h di 5tan di '(

bet Lween 11 i c; I tomt

x m (15)
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Figure 4. Formation of possible contact list
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where xi xi , i y V, . Ic,! HI heoord miate:; of the (kfliuiit centroids.

TFhis d is t ance iS e.MuIj, i d 1 0 t l(e C tIbmioi1ad elIem'i t thicikne ss RNG.

Tecomb inied a I caL i t hi ic Le ; s O.lie SuM1 CA the mad ii (plus lengths, if

bar elements) Of c (2nlutS i a'id 0 , ie,

!KN;. N.+ N.+ S.+ I 4 screen niuiL (16)
I I JI J

.)r a d isc (.,eac!Lnt S . = t)

One sc reii iii L 1) NV C. so that dsemon t s tihat are quite

C 10 s L to ', CLunIt I L inI.'W t 1 i ) in' elided ill the poss:ble contact list.

37. 1F t . ,N tIen1 thIis int.ict pair is put in the

possill.J lt i t .If J. 1N( + 1(( screen units , the possi-

h tlitv of contict I- L' LUd. I t :N(; dj . (i{NG + 100) , 0One

f irtr te C- i rep T- I'.:W r '-t I,(" the' contact pair. Since a

Cal I tO III>I 15'' i i i ,11 0:1 % ,it is imo-siblt' that moving

elements~ luit.'~~e. o n inte rval . '111e ye] onty

o1 eachI ehL'I1AL I it. ir l ic) i kLiown at each call

to P1.1ST. i .n~t !I e'Xt rmpolated position

for theL e'lementl At ics 'e. I iiL original distance

hL'tween uc,, CPit[.. 0ik Lxt rapoia ted

position-, ot e lemmllnl nm m qe &' ULiLicS V, v vand

v ,v aem ivkcn1'

xI tv

+ W,1 L v

(17)

x. x i + ')0't I

v.i + 50,>tv
1

whe re \'. e y*et c . ,a 101e ( time eF rapo)l i teCd C Ii 'Ien t centro id coordinates

a f teCr 5 ) t i TI . s t elm Ii\ :lhsut IA O



V 50At(v - vj )
x X x

(18)

I j
V. 50At (v - v

J y y

the new, extrapolated distance de. between element centroids becomes
1J

e e e e e)2d.. (x. xj) + (Y. Y
iJ I

(19)

(kX 2 +V2
i - x + Vx) + (yi - Y. + V.)

Now, if d. d. (i.e., the original distance apart is less than the
ij 1J

extrapolated distance apart), then the element pair is moving apart and
the contact is not possible. However, if d.. > de. , the element pair

is closing and this pair is entered into the possible contact list

provided that de. < RNG..
1 3 - I -]

38. At first sight, it would appear that the last test is all

that is necessary to accept or reject the contact candidate. In fact,

it is; however, to speed up computations, it is more efficient to check

for possible contacts in the order described. As soon as a contact

candidate is accepted or rejected, additional computations (involving

the velocities) are no longer necessary. The idea is to accept or

reject with as few computations as possible. It must be mentioned that

PLIST forms only a possible contact list. This list is used in subrou-

tine MOTION, where a closer examination is made to determine if contact

is actually made. For example, as shown in Figure 4a, the bar element 2

obviously does not make contact with disc element I. However, it will

be included in the Lossible contact list. Also, elements 1 and 3 may,

if they are moving together rapidly enough, be put in the possible

contact list, but they may or may not physically come into contact

during the next 50 cycles.

39. Searching for possible contacts is done in the following

manner. Starting with element i = 1 and continuing incrementally to

i = n (the total number of elements), distance checks are made with all

elements j with j ranging from i + 1 to n . Whenever a possible
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contact withI elemlent. i is found, the valu jn (he niniljcr of the

elemen1tilt cont act I ng i ) i S i IIh d I d in3 t Ie IC k0nt i Ct I i zJ . Ai ter it Il

po;s l I contacts with ci ement i I ay e 1)k-eln f ot Inld , tlit, Value i is

imbedded in tile Ilist to signal thle end I) AlI c oiL act! with CIie ennt i

For example, if it is assumed that- ecient I and 3, shown in Figure 4a,

cannot make kcontact duir Iing tlie nleXt 50 T shk pwib 1e contact list

will be

2- 4 - I- - - -

Thuts , element 1 makes posslb le c ont act , wih :uIi'id i ',, civI etnt -2 makes no

new contacts ( thle L-2 contac t has alreidyv been f dd clemen t 3 miakes

contact with 4, and of course, elementL 4 iou Id net psiivmake any as

vet undletect-ed contacts. The' 11nder i ned iiumhers ;, 1, 2,3, and 4, are

thfe ascending values of i and sitgn i fv lihe endt, ol each se'gMent of the

list. Now, if it is aISSUMed that elements I and 5 1 ould make contact,

the list would be

-3 - 4- 1-2 4- 3- 4

For illustrative purpo),-'.s, Consider tire ;rrrangement_ of eilements shown in

Fi~tre b .The poss ible cont-act- lisat orthe Lsvst em would be

6 -8 9 9 6 8 7 0 8 6--- M 9-l1112-10O-

12 - 11 - 12

or a total of 19 conitacts,,. Not iCee that thre niumbering is always forward.

There is n10 reason to seairch backwards as thoCse con1tacts will already

have been found. The L ist. segments are, in generail , longer for thle

lower numbered elements. Vithin subroutine PLISI', tile possible contact

list is entitted LA L 151s'). '1he reserved leng th ol LI. is six times the

number of elements, which should be adejuate for most problIems since

this Length will. handl ic n average of six contaicts per element. Ih er e

i s t li'110ej5o5 ii) t Iil y tha, Lt )MLI01%-( S he Vccr r ter ci C on lch be) Cx Ceded'Cl i f i a lrg e

number of bar element, are pre:L nt In the problem to he analyzed.

SviK' utine PLI ST is cal led on!.- by (11)YUP. No other subroutines are

calted by P1151'.



Subroutine MOTION

40. Subroutine MOTION performs three basic functions: (a) it

detects element contacts, (b) it computes the forces acting on each

element, and (c) it computes the subsequent displacement of the element

due to those forces. Each entry to MOTION results in 50 time step

iterations. Almost all of the processor time used during the operation

of DISC is used in this subroutine.

41. Figure 5 is the flowchart for subroutine MOTION. As pre-

viously mentioned in the discussion of subroutine PLIST, a data list of

possible contacts is created by PLIST before each call to MOTION. This

list contains the elements that are presently touching or could be close

enough to touch during the next 50 time cycles (i.e., the duration for

each call to MOTION). While within MOTION, only those contact pairs

contained in the possible contact list are considered as potential real

contacts. It is not difficult to visualize that this list will be quite

small compared to a list unrestricted by distance considerations.

Indeed it is likely (at least for disc elements) that the possible

contact list is a close approximation to the actual contacts.

Conditions for contacts

42. Figure 6 shows the various conditions for contacts between

disc and bar elements. When describing element contacts, the convention

is to state that element i contacts element j , where j is always

greater than i . Searches for contacts are always forward, i.e., the

lower numbered element is said to contact the higher numbered element,

and never vice versa.

43. In general, four situations must be considered to detect

real element contacts from the possible contact candidates i and j

provided by PLIST.

a. Both elements i and j are disc elements (Figure 6a);
only one contact can result.

b. Element i is a bar element and j is a disc element
(Figure 6b); only one contact can result.

C. Element j is a bar element and i is a disc element
(Figtire 6c); only one contact can result.
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Onte contact
det tct kd by t)Ie ont act

OtlL' Cknt I( t bar i d t Lct ed 1)
detecte, d by Nbar
disC i

bI

Two contacts No contacts

detected by detected by

Iwo contacts bar 1 bar j

i /C/---1i, /

d. e.

One contact One contact
detected by detected by

Two contacts bar i bar

f ..j" / / i/

f. g.

Two contacts Two contacts
detected by detected by

Four contacts bar i bar j

h.

Figure 6. Detection of contacts



d. Both elements i and j are bar elements (Figures 6d,
e, f, g, and h); one, two, or four contacts can result.

44. For situation a, it is simply necessary to determine if the

disc elements are within the proximity criteria (to be discussed subse-

quently) in order to be real contacts.

45. For situation b, determine if disc element j is within the

proximitycriteria of the periphery of bar element i . If so, a real

contact is detected.

46. For situation c, determine if disc element i is within the

proximity criteria of the periphery of bar element j If so, a real

contact is detected.

47. For situation d, it is necessary to restrict the location of

the points of contacts whenever two bar elements are parallel. For two

parallel elements, the contact points are defined to be at the locations

depicted in Figures 6d, e, f, g, and h, i.e., where circular ends of the

elements become tangent to the central, straight portions. All of the

contacts may be detected by considering two conditions: (1) element i

to be a bar element and element j to be composed of two disc elements

(the discs being located at either end of bar j ), and (2) element j

to be the bar element and element i to be composed of two disc elements.

48. Thus, as noted in Figure 6d, the necessary two contacts will

be detected if i is considered to be the bar (condition (1) above) and

j to be the two discs since both circular ends of bar j touch bar i

However, no contacts would be detected if j is the bar (Figure 6e,

condition (2) above) since neither end of bar i makes contact with bar

j . Figures 6f and 6 g indicate that one contact is detected by choosing

i as the bar and the other found by choosing j as the bar. Figure 6h

represents the special case of two bars of equal length parallel to one

another. In this case, four contacts (two coincident pairs) are detected;

two from choosing i as the bar and two from choosing j as the bar.

49. For the situation in which two bar elements are not parallel,

then only one contact between them is possible. However, the scheme

just outlined for detecting contacts between bar elements is also used

when examining skewed bar elements. The proximity criteria will reject

any potential contacts not sufficiently close.
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50. It must be mentioned that no matter whether cl ement i or

j or both are considered as thet bar element (and the othcr a;s composed

of two discs) when seeking contacts, the particulars about that contact

are always associated with the lower numbered element, i.e., element I

This procedure is in keeping with the "going forward" rule.

Proximity r iteria

51. The criteria for accepting or rejecting a possible contact

are as follows:

a. If the peripheries of the two elements are within two

screen units of each other at the subject contact
point (recall that the "standard" disc element radius
is 20 screen units), the contact is accepted as a
candidate contact. Otherwise, it is rejected for this
iteration cycle.

b. After a possible contact is elevated to candidate
contact status, two more tests are necessary to finally
accept the contact as a real contact. If this
candidate contact is present in the contact list

generated at the last time step cycle, it is accepted
as a real contact and put in the new real contact
list. If the candidate contact is not present in
the previous contact list, then the two elements

must be within 0.1 screen units of each other in
order to be placed in the new real contact list.

Otherwise, it is rejected for this iteration cycle.

Contact list

52. The contact list is a vector array in COMMON computer stor-

age. This list contains the information about each contact that is

necessary for further processing through subroutine MOTION. The contact

array is defined by the named COMMON storage statement:

COMMON/STORE/AA(M x 24), NA(M)

Since M is the maximum number of elements (N is the actual number of

elements) that may be considered for a problem, the size of AA is re-

served to be at 24 times M . This size for AA should be adequate for

most problems since only actual contacts are stored at any given step in

the calculations. The contents of AA are constantly changing as the

calculations proceed. The array AA should be thought of as divided into

two segments: the first segment containing the contact information for
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the just (0mpl eted i terat ion ( Lht, pre'v ijus coun t.L I i st ) , a1id Lte second

egm n'ot runt a in ig the i II oI mat ion for te 'urre ,,t c tait it I ist (or tie

new contact I ist). As coiltact s are det,.( ted, the cotact informaltion is

embedded coLlsecut ively wit hi in the tout act i ist. Since a given element

ecan contact lmlerolus u t her c I.elllent s at any given t inc , the conse'cit ive

nat ore t tile I iSt is i mportant to conserve memory. Thc array NA( i)

g ivel i,)ovt' iS ulSt't to )oillt W the ocat ion with in AA where the con-

tacts for A givenl elemLlent i begin.

53. Bo'fore describing the actual structure Of the contact 11st,

I d[.,tui ssion of ti' part iculair quantities going into the contact list is

beneticial. For exaile 1)l, SUpl)pSe a contact list is being built and the

next availahl- locat ion withinl the array AAX is AA (K), where K is the

indeX itl COn mmon .Itorage. Firt her, suppose that a contact has just

hetiu deLttec ted betwe'[It ellilIttS i and j and accepted as a real con-

takt. A so, stuppose thaL t 1i.; same cont:ict wis presenL i1 the previous

contact I ist start ing at onie lorat ion AA(L). Thus, the following

informat ion is put into t he new to'itacLt I ist st art ing at AA(K)

AA(K) = j + C /10000c

AA(K + 1) = II) + v /10000

_1A(K + 2) = AA(1, + 2), tile previous normal contact force

AA(K + 3) = AA (I, + 3), tile previous shear contact forcU

AA (K + 4) = B, the angle from tihe horizontal Lo the contact
plane

The symbols x and yc, are the coordinates of tile point of contact,

and 1I) is an identif ier indicating the fashion in which tie contact

was detected (i .e., for ai1 cases except two bar Clement.;s in contaIc t,

ID = 1 ; for two bar elements, 11) takes on values of I to 4 depending

in which sequence the contacts were found during the search). In effect,

locations AA(K) and AA (K + 1) each coot ain two pice' of inlormat ion.

That is, AA(K) contains as its whole part the element number ( on-

tacting element i) and as its fractional part x . \ similar situation

holds for AA(K + I).

54. Str ic t Iv speaking, only tlie locit ions A(K + 2) and AA(K + 3)

conLta in informat ion ( tL normal and ,;hear forcts on the conti 1t ) that



must be ret a iied between iterations in order to accomplish the calcula-

t ions for d isplacement. The need for storing the variables i and 11)

is to aid in dit ermiinig it the contact now being considered is present

in the previous contact List. The variables xc , v. , and B are

retained in the contact list as an aid for later outputting of the

resu I t s.

55. It it is now supposed that the contact being processed was

not found present in the previous contact list, the new entry in the

contact list would be the same :is before, except

AA(K + 2) = 0.0

AA(K + 3) = 0.0

That is, the normal and shear contact forces would be set to zero.

56. Assuming that the contact between elements i and j just

discussed was the first contact detected for element i , the contact

list pointer N(i) is set equal to K . This pointer indicates the

position in memory where the information about contacts for element i

begin. Now that the contact data for this contact have been entered

(and the entry requiired f ive memory locations), the next available

location to store contact list data is determined by replacing K by

K + 5 (i.e., K 1 K + 5). Any additional detected contacts for element

are, in this manner, put consecutively into the contact list; each

detected contact requiring an additional five memory locations. The

index K is incremented by five following each entry. After all con-

tacts for element i have been detected and entered into the contact

list (and also in the case of no contacts at all being detected for

element i), the end of thi; contact list segment (for element i) is

signified by embedding a zero into array AA at location K + 1 , i.e.,

AA(K + i) = 0.0

The embedded zero indicates that this is the end of that segment of the

contact list pertaining to element i . The next available location in

array AA for storing contact data for the next element i I + 1 is

now located at K - K + 2 . Since the next element i is now ready to

be processed, the po inter NA(i) is set equal to K The just described

process is repeated for all elcments.
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Initialization of contact data list

57. At the outset of each problem, it is assumed that there are

no contacts between the various disc or bar elements. As mentioned in

the preceding paragraph, zeros that are embedded in the contact list AA,

at the location of the value of the element pointer NA(i) , indicate no

contacts for element i . Therefore, at the beginning of a problem

containing N disc and bar elements, the value of the pointer NA(i)

is set to i yielding

NA(1) = I

NA(2) = 2

NA(N) = N

Since a zero located at NA(i) within the array AA indicates no con-

tacts, the array AA(K) is set to zero (for values of K = 1, N). In

general, the first time cycle in MOTION will result in some contacts.

The next available location to begin storing the first contact within AA

is at N + I . The new pointer value for the first contact detected will

be set to NA(i) = N + 1

58. Therefore, after each cycle of iteration the value of the

pointer NA(i) is the location within the array AA where the contact

list information about element i begins. If the element i has no

contacts, the value AA(NA(i)) will be zero, signifying the end of the

contact list segment for element i . If element i does possess

contacts, the value AA(NA(i)) will be set to j + x /10000 . To find

the end of the contact list segment for element i , it is necessary to

skip through array AA by increments of five (starting at AA(NA(i)) until

a zero is found. The next available location in AA will possess inlor-

mat ion about element i + 1

Example of
contact list information

59. Consider the simple example shown in Figure 7a. At the

start of the problem, two disc elements (2 and 3) are at rest on bar
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element 1. An add itilonal d isc elemniit (5) is resting upon bar element 4.

Both bar elements are aSSUmled to he fixed, i.e. , they are prevented i rom

rotat ion and translat ion. Assuming that the only forces acting on this

system are due to gravity, the subsequent not ions of the disc elements

may be visualized accord ing to the sequence indicated by Figure 7.

Figure 8 shows the structure of the contact list for various stages ol

movement.

COndi t i on C' (V Ie

7/C7'

4 (.4

(C(Ie 68o Cycle 20)02

Figure 7. The contact list
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po:;.- t , I t t ist ii IJ. I , iV, I t I ll tl l Lt j }' iL ( 1

i I L r t I 0 Il I it i I I Sl I(Wii i i l - 7I1 . Il i IIt irjpir t ot ion i hI ,

I -;t i.i; .i o I ' : I Il iLI t ,s 2 1i1id 13 ni iy COnt-d t A C lInICI L 1 , C l Ient

1h. 110 i V' C ,d I it !) odt L (' , L If 0e1eltt I hat; 4l o ( I V'.t toni' t(. t )

t lIItI t 1 i' 1lit [1L ) iiim V v I t1 t It c nI cmenL 4, clild Li I1 it l 'J y h ; II I id'-

t 1V t III tO it I t .

01. At t li t  ( tstt oI lily problIIh, the plint r li-t N\(1) i

inIit i ni'ed to tiIi value I f i a nd the coni Lat list is sit Lu zero.

i1, ii i it Ia Ii, NA (0leIioTnt ) I , NA(2) 2 ...... NA(S) - 5 , ind

til Lu' t it d I a i Lst (I ist , ligure 8) conta ins ze, r os as inld icated by

tIe s%mbol E (for empty) . SinLe there are live ele ient s i i tie prob Ih,

tlic :i st liv . rt Irig kc I Ot (i1- I ro' sCt to Zero (JS i d i i atod bv t h

I iv ') i i lis ; ) . 1lit, )ext ;iv; i Iilde I t ion i-o o i ont;ict star:i t

(at te lext, it iln thi; Ieaet the It cyce irst i s aoc'itiji o .

0 2 . Tiit, sit tit i(ii for t Ih It il-st , cJo of M OTI )N is shown iIi

list (It i re1 N). 1' piIIt r ;Il, es NA areu: NA(I) = 6 , NA(2) 1

NA(S) 1 18 , NA(4) 19 , and NA(5) = 25 . Loca nt 6 o- lis t 2 is

tie lu!fil I l 
r 
(t tin eoiiaic L i)-ma itiL iOn 0or to; IL t between C emnUtl t 1

1ind 2. Iirfi e.L- itolv c- I low in L toi c oiltac t illi it ioil ioi c nt t L 1-2 is

th il ormtt Itil for conict:-lt t-3 ( starl i g tit ocat ion Ii Id end ig ;it

locaL ion 15). The zero (sy.oho I IE) embedded at ocati ion6 s if i,,

thaL there are t) ii re contaicts- for eleiienL I . (otZIct i iIt ormI. LO i )i

e I omen t 2 b igi is 11 L ie, c ontrac t I Ist at locat io 1 7 (NA (2) I " .

tation 17 conTita ii s a zero, wh i h iidilates thLt there are io .ilt:tLs,

for el iioiil 2. Shin 1 irlx, ii olitats liist fr ei-f el7t 1. The p ilii

f r e L'Io ni 1 4 \(4) I 19) t /i1ts1- to a nonz r I- v if t . InsI , t t I :' .,11,

c irye 1wmrm , I li-at ikl; 1 "- 1 v i0 Ci 1antat t , t tE ollilt i; 1 t l0 0 oata ci t I ,-

F1W I)' I nttr III el tI t S ('. I) 25) points to a zIrt; tIIeroft r,

thirc irk tit) i new nm titii; Ior cl ti tit 5. Indeed, t he last iil ometont rIll

'leVer I)lSiss din -lti.l not il -;ItV foiind

63. A t li l I 211 rImo rv I oi at ions were' reqI irod to I, re aI ll

ht, 'in , Iii , I. i . tOrige hegitll it Io,'t .li I 6, ;It )rtIsuIt

16
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25 1 0C.1 t i t I SI LIV(e bieen Used.T IhutS I(, he nxt awi~ i I abi e Iocat- 101 lor-

storage is, 26.

64. At aliY given Lttle Cycle, it- is nCces.sary to retain the

con tatt in1110mat ion abIou t thle preyvi ous t ime CYL Ic. Onlly by r-eta in ing

this in tormat ion is; it p055S)Ith to C hec k wihe ther or 110t. a d e tee td

conotact was- present at t lie last stage or il thle con tact, is new. ( I f tilie

conitact i s old , tile itorinal and( shear i orces f or tihe previous cycle are,

enotered inito the niew coolLact- I ist ; t. iierwi se , zero valuies f or shear anld

i I ria I faJrCes a re e.un er ed . ) Fligore 6 gives thle nlew contact I islt for

cycle 2 (1 1st 3) . List 3 is exacl'y tihe same as l ist- 2 except- tile 110W

contact list begins at locaL ion 26 and enld o at location 45. 1 t is

readily apparenot that ail I Of thbese ''ne'w' con tatt ette red intlo Lte new

C oLtact list were present at t he preyvious cycle. ilt pointer NA for

a part icular element is not npd a(Lt-ed to the new Inc at-iou n iil after it

is used to dlietk WIlet tiit or nOt this ziame contact- was present in the

previous 1 1St. For example, contat t 1-2 hias been ide 1li i a a ron1-

tatct for t vtit 2, and the contact Lto f orima t i on iis t , be t)co t c~red( :11

Iota tions 2b thirough '30. Tlhc p0 in ter va lot for elementL 1 NA. (1I)

still has a value of 6. By go i.on: t o I~ a t in 6 , itL is iotd t iit.

contact 1-2 was present ill thle pre~viouls contact Ilist . T'lIiL po lljti' Va llit

NA (1) is temporarily opdatecd to0 al va IH l01 1 L so as to be i rect tiv

po intlog to thle neXt locat-ion ini the prev ious con1tact 11st Vlinr'e C~iitt

information alhout element, I was stored. '11111s, when contact 1--3 is

examined (as to whethler or not it was ii the prviu list), the pointer

is in the proper position for quick recogn it ion of this prtce,,ist log

cointact . After it has been determined that all conitacts for Li eli'ent t

have been exhauisted , the pointer NA (1) is set to t he 11ew, turrelit-

vaie of 26.

65. At each and every c'yclIt anl examinat ion is romp let ol v talrred

o)ut for every coritatL t iiven ii tile pOssible (ontact li st . inuformal ion

stoired for the previous- cvcle is not used at all for detorinii whit icr
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or not a contact is ent ered into the new contact I ist .* (nt I it ter it

has been decided to enter a contact into tlie list is a scanlin rg t liet

previous 1 ist required (and then only to decide what to do with i11h

shear and normal forces). The method for updat ing the el ement point er

NA( 1) simply provides an effic ent method for checking on the presence

of the contact in quest ion.

66. The situatL ion for cycle 3 is shown in list 4. Again, the

organization is the same as for cycles I and 2 except the new contact

list is removed by 20 more locations (i.e., locations 46 through 65).

The situation for cycle 4 is not shown, but would be similar, except the

new contact list would be stored in locations 66 through 85. This

princess could be carried oat indefinitely; however, at some point memory

would become exhausted. Since it is necessary to store contact infor-

mat ion oniily for the previous and present cycles, a scheme was developed

for recovering all available memory.

There is an option available that precludes the searching for con-
tacts at each and every cycle. By entering a suitable variable
(Command I in the Input Phase (Figure 9)), it is possible to stipulate
that complete searches for contacts will be made only after every so
many cycles. Unless otherwise stipulated through these options, a
complete search is made for those element contacts in the possible
Contact List at each cycle. If the option is used, the program as-
sumes that the current real contact list is to be used over and over;
the s4hear and normal forces are being constantly updated. During thi:;
time, the contact coordinates and contact plane angles are properly
computod. The use of this opt ion can be dangerous since new contacts
will not be detected until a conupletc search is called for. A com-
plete search is always made upon ecch entry into MOTION. The use of
thiis option can significantly reduce computer processing time since
it negaites the need for contact searches and for creating a new con-
tac"t ist.
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07/. Suppose-i that 120 'r,1 I ocaL ionis* la~Ve ben reServed for

(conItac*t int ormat ion as ind icat ed inl Figure 8 . Wh i Ic process ing ill

cycl I , it is apparent that locat ions- I thirough 25 are needed for the

0' present and the prey joui cont act, lists. Thus, locat ions 26 through 120

are available as 1Tfreet memory for future cycles. While inl cycle 2, thle

requ ired memiory 1locat ions are 6 through 45 (Old plus new contact list).

The forc, the free memory cons ists of locat ions 46 through 120 plus I

t ivouglu 5 . At cyclIc 3, the free memory consists of locations 66 through

S10 pius 1 [hrough 25. During cycle 4, the free memory extends from

locat ions 80 through 120 p los I through 45. At cyc]le 5, thle free

mlemory' consists of Ilocat ions 106 through 120 Pluis I through 65. Th us,

,'IS c \cI e 6 is entered (and will require 20 locat ions to store the new

contact list) , it is apparent that tile reserved memory space of 12(0 will

* The size of common memory for thle varitables used in program DI1SC is
set through thle use Of a Fortran PARAMETER statement. As seen f rom an
examination of the program list ing, thle space allocated for the contact
list AA is set to IM x 24 , where M is thle maximum number of elements

permit ted for a proh 1cm. I n pract ice, N1 wi11 often be gr eater than
thle actual number of c I ements hei 171ng cons-idered , thus extra memo11rv space

is generally allocated. The common dimensions of M x 2'l should he
adequate for most problems. For example, consider a collect ion of
closely packed uniform disc elements, x d iscs wide bv Y' d i!s: s hiigh.
The total number of elements is xv . ''l max mum total number of con-
tac ts for this collect ion naly be shown to be 3xy 2( + 0) + I
Since five storage spaces are required f-or each c-urrent contait (p1 uIs
one add it ioaal space for each contact to store the zero o~r " I-' marks)
thle storage S requ ired to conta in the current contac' l ist i.,;

S - 5 (3 xv - 2 (x + v) I1 + I x v

16.xv - 10J(x + y) +

Neglect ing thle last two terms, S eqluals .16 t ime.,; the tot a 1 it sr of
ocI ement s . Technical I v, twice( this amout o f s t orag, i s re a'~ it red At .111 V

given cycle since the last coilltact li st Must be scainned t(, prepare-L 1 li

c urrent Contact list. I n aetLna 1 i t Y, twJ ice t ]e :il11iulnl IS iso1t ee
because as, soon as the new contacts are enterel int o thkiekirre-nt coii-
tact list, there is no longer any need for the correspJondll c.; plev. ioiis
contact (as long as the sequence ot insert ioni IIIa 'Is .1 At

present, it is felt that a reno;(rved1 space o! >1 a. _2 Jl:h iI IcN 1(]e-

(111,at1 for Most p rob I ems,.



be exceeded unl less thlt I rent part of memory is roused. Iihis condition

ctill h&t dVkided he by cOllplt int the ditot<tit of free memiiorv st ill available up

to IOCitioll 120 IfLer 'ch Cttl V ilto tile 'lltdCt l ist. Since tie next

entrv c ouid re(tI ire f ive add i L iona I storage locat ions, the begi oning of

the next entry is (I irect ed to locat ion 1 if suff ic ienit memory does not

exist . Therefore, as shown tor cvcle 6, the first detected contact 1-2

is placed in [ocat ions 106 through 110, and the next contact placed in

locat ions IIL through 115. The five storage locat:ions available before

location 120 are sufficient for storage of one more contact. However,

contact [-3 was the last contact for element 1. Therefore, a zero ("r")

is placed at location 116, signifying the end of contacts fcr element 1.

There are now only four available locations before the end of the re-

served memory and, therefore, not enough locations to store information

for a detected contact. The program now directs that storage begin at

location 1. As shown for cycle 6, a zero ("E") is placed in location 1

(signifying that elemeLt 2 has no, as yet, undetected contacts). The

pointer NA(2) is set to the value of 1. Locations 117 through 120 are

not used.

68. As long as the contacts do not change, the calculations will

proceed as described in cycles 1 through 6, each cycle requiring an

additional 20 new storage locations of free memory. Cycle 457 is the

situation just before element 2 rolls off bar element 1. Figure 8

presents the possible contact list existing for the conditions shown, in

Figure 7b. The interpretation of this list is as follows: elemennt; 2

and 3 max contact elem, nt 1, element 4 may contact element 2, e] ement 3

has no undetected contacts, element 5 may contact element 4, and element '

has no new contacts. The possible contacts 1-2 and 2-4 are inc luded in

the possible contact list; however, they will be excluded as real con-

tacts in MOTION since the situation shown in Figure 7b i for the condition

where element 2 is just breaking contact with element I and be1ore

contact with element 4. Figure 8 also shows the new contact list for

cycle 458. Note th;t there are now only two contacts (contacts 1- ,'

4-5). The contact list for cycle 459 is just as it was for cvcle. 4')s

except the new contact i.s stored 'in additional 15 locations; turth, Ir
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along in memory. Cycle 679 is the situation just before element 2 hits

element 4. In addition, Figure 8 presents the j)OS ihi e contact list and

the resulting new contact lists (cycles 680, 681, and 1085). Notice

that again there are three contacts (contacts 1-3, 2-4, and 4-5).

69. in Figure 8, the possible contact list and the contact data

list are given for some much later time (say cycle 2002). These lists

are for the conditions depicted in Figure 7d. By this ti-m, all of the

disc elements are in contact and proceeding to roll off the end of

element 4. At this stage, five contacts are detected (contacts 2-3,

2-4, 2-5, 3-4, and 4-5). Thus, 30 additional storage locations are

required to store the contacts at each cycle.

Calculations of
forces on the elements

70. As each element is, in turn, examined for contacts, the sum

of all forces acting on the element is computed. Preceding each time

cycle of iteration the force sum is set equal to the applied plus gravity

loads, i.e.,

F vertical applied load minus the gravity load
ysum

F i  = horizontal applied load
X s-um

= applied moment
sum

In the event that the element being 2xamined possesses no contacts, the

computation proceeds directly to the calculation of accelerations and

displacements (see Equations 6 through 9, Part It). If contacts are

found for the element being considered, then the force sums are modified

in accordance with Equations I through 5. The force sums are updated

for both elements in contact. For example, suppose a situation exists

in which element 3 makes contact with elements 5 and 7. When element 3

is examined for its contacts, the force sums will be updated twice (once

for element 5 and again for element 7). During this process, the force

sums for elements 5 and 7 are also updated. Then when element 5 is

examined and it is determined that it has no, as yet, undetected contacts,

tile computation will proceed directly to Equation 6 since the force :um

for element 5 was updated at the time when element 3 was ,xamined. The

simc holds for element 7.

4



71. The computations of Equations 8 and 9 are particularly

important. Equation 8 yields the new incremental element centroid

displacements, and Equation 9 yields the new coordinates of the element

centroid. it is these quantities that are required by Equation 1 for

the next iteration cycle.

Other Subroutines

Subroutine PLTFOR

72. Subroutine PLTFOR is used to output the forces acting at the

contacts between elements. Recalling that the contact list is struc-

tured such that each element has at least one entry (if no contacts were

detected) and further that the storage is in sequential order, it is

possible to, at any stage, thread through the contact list to obtain the

contact forces. For each element i that possesses contacts, the

contact list contains:

a. The number j of the element being contacted by i

b. The ID number for the contact (two bar elements in
contact may have up to four contact points).

c. The contact point coordinates, x and y.

d. The normal and shear forces acting at the contact, Fc
--

and F (stored as AA(K + 2) and AA(K + 3) in memory).S

e. The angle to the contact plane, B

73. These forces are output graphically. A pass is first made

through the contact list to determine the largest absolute value of the

shear or normal force in the list. This quantity is used to calculate a

scale factor, and the vector representing this force will be 20 screen

units long. The other vectors drawn to represent the shear and normal

forces will be proportional. Thus, after each call to PLTFOR, a graphical

representation of the contact forces are drawn on the scrcen. The

contact coordinates x and v' are used to locate the position of the

vectors to be drawn, the shear force is drawn at the angle B , and the

normal force perpendicular to the shear force. The user also has the

option of obtain ing a printout of the contact forces (Figure 9 or 10).
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Subroutine LOOP

74. Subroutine LOOP is used to check whether or not the cross-

hair cursor is located in the vicinity of an element centroid. In some

cases, this test is used to modify certain commands.

Subroutine INTERVAL

75. Subroutine INTERVAL is used to change the frequency of

retrning control to the terminal. The normal method is to perform

250 time steps of calculations before halting calculations. At each

halt the user directs what action is to he taken next.

Subroutine (;RID

76. Subroutine GRID causes a grid to be drawn on the screen.

Subroutine SAVE

77. Subroutine SAVE may be called at any time by OUTPUT to store

the current element geometry in memory. Subroutine SAVE is automatically

called on each exit from INPUT. This feature provides the user a means

of reworking the same geometry with, perhaps, a different set of parameters.

Subroutine CIRCLE

78. Subroutine CIRCLE aids in the graphical output of disc and

bar elements.

Subroutine SCREEN

79. Subroutine SCREEN is used to position the al-pha cursor on

the screen following input queries and some output Functions. I t prcvent s

overwriting certain areas of the screen.

Subroutine GEN

80. This subroutine may be ealled during the INPUT phase. Its

function is to create a coll cction of disc elements touching one another

in a dense packing.

Siibrotutine VECTOR

81. Tb i,- subrout ine is used to vary the form of the graphical

output. The normal mode of display is to draw the elemnt s Mn the

screen at their current posit ions. Subroutine VECTOR calsi's the displ a

to track tW CI eUment centro ids.

'.1



Sub rout i tw WE IGHT

82. Subroutine WEI;HT may be u,-;ed to modify the we ight of any or

all elements.

Subroutine D}ANP

83. Su;tbIOUt Ine DAMP is used to change the damping constant K

k . ...? .. .. ..... ..... . . .. . .....4 /4
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shows tile result ing motions after striking key "G." Notice that disc h

proceeds downward to tile left. Disc 7 starts upward to theL right,

strikes Lhe upper boundary, And turns downward to the right. Fol low il,

the first calculation cycle of 250 time steps, output is tonvertedi to

the "vector" mode by hitting key "*." When in the vector mode, the

elements are no longer drawn. The Output now consiAlts onlv of the

movement of tile element centers. Element 7 proceeds to rebound o f the

lower boundary, then strikes tile lower end of clement 2, and e>ita;

through the opening (Figure 13b). Element 6, however, does not qluicklv

find an exit through the opening. In Figure 13c, element () boutlers i

total of 21 rebounds before hitting the rounded portion ot element 2.

Element 6 then is deflected in an almost horizontal direction to the

left wall and shoots across and out through the opening (aImost dead

center).

96. The purpose of the three example problems is to domonstrate

the flexibility and range of this program. Problems involving quasi-

static behavior and large rapid motions are included within the same

framework. Indeed, at one time, this program cota inied options for

including "inverse square of the distance" forces so that the msor could

compute orbits of gravitational bodies. These options are not germamc

to the general fields of geotechnical engineering and, as such, are not

present in this version. However, the program DISC is basically a toot

that will. solve many fundamental problems in rigid body mechanics.

74
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